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The inflationary origin of primordial black holes (PBHs) relies on a large enhancement of the power
spectrum ∆ζ of the curvature fluctuation ζ at wavelengths much shorter than those of the cosmic
microwave background anisotropies. This is typically achieved in models where ζ evolves without
interacting significantly with additional (isocurvature) scalar degrees of freedom. However, quantum
gravity inspired models are characterized by moduli spaces with highly curved geometries and a
large number of scalar fields that could vigorously interact with ζ (as in the cosmological collider
picture). Here we show that isocurvature fluctuations can mix with ζ inducing large enhancements
of its amplitude. This occurs whenever the inflationary trajectory experiences rapid turns in the field
space of the model leading to amplifications that are exponentially sensitive to the total angle swept
by the turn, which induce characteristic observable signatures on ∆ζ . We derive accurate analytical
predictions and show that the large enhancements required for PBHs demand noncanonical kinetic
terms in the action of the multifield system.
Introduction. Unlike their astrophysical counter-
parts, primordial black holes (PBHs) [1, 2] might have
stemmed from large statistical excursions of the primor-
dial curvature fluctuation ζ generated during the pre-Big-
Bang era known as cosmic inflation [3–7]. Once inflation
is over, these fluctuations can induce overdense regions
with matter that, collapsing under the pull of gravity,
give birth to PBHs. In the correct abundance, these pro-
vide an excellent dark matter candidate [8–12], braiding
early and late Universe dynamics.
CMB observations over the range of scales
10−4 Mpc−1 . k . 10−1 Mpc−1 confirm that, af-
ter inflation, ζ was distributed according to a Gaussian
statistics determined by a nearly scale invariant power
spectrum ∆ζ(k) [13, 14]. If these properties persisted
all the way up to the smallest cosmological wavelengths,
large fluctuations of ζ would constitute extremely
rare events, preventing PBH formation. Inflationary
PBHs, with an abundance compatible with dark mat-
ter [15], thus require a strong scale dependence at
k & 108 Mpc−1, through an amplification of ∆ζ(k) at
least 107 larger than its CMB value.
Such an amplification can be achieved in several ways.
Examples include: single-field models with special po-
tentials [16–22]; single-field models with resonant back-
grounds [23, 24]; models with light spectator fields [25–
28]; models where the inflaton couples to gauge fields [29,
30]; models with resonant instabilities during the pre-
heating inflaton’s decay [31–33]. In this work, we are
particularly interested in re-examining the enhancement
of ∆ζ(k) within the paradigm of multifield inflation [34–
38]. Ultraviolet complete frameworks (such as super-
gravity and string theory) lead to models with a variety
of fields charting multi-dimensional target spaces with
curved geometries. The effective field theory description
of these models, valid during inflation, includes poten-
tially sizable interactions between ζ and other (isocur-
vature) fluctuations [39–42], an idea that, recently, has
drawn considerable attention through the cosmological
collider program [43–45].
The purpose of this letter is to show that a purely
multifield mechanism can indeed lead to enhancements
of ∆ζ(k) large enough to produce PBHs abundantly. In
multifield inflation, the leading interaction between ζ and
isocurvature fluctuations is proportional to the angular
velocity Ω with which the inflationary trajectory experi-
ences turns in the target space. The total angle swept by
the turning trajectory is of order δθ ∼ Ωδt, where δt is the
duration of turn. Remarkably, we derive an accurate an-
alytical prediction for ∆ζ(k) generated by sudden turns,
valid in the rapid turn regime [39, 40, 46–55], where Ω is
much greater than H, the Hubble expansion rate during
inflation. This allows us to show that under a turn of
total angle δθ of order 1 or larger, the power spectrum is
enhanced exponentially as
∆ζ ∼ e
2δθ
4(1 + 4δθ2)
×∆ζ,CMB, (1)
where ∆ζ,CMB is its amplitude at CMB scales. There-
fore, in order to have a large enhancement of around 107,
the total swept angle δθ must be about 4pi. Since mod-
els with canonical kinetic terms must respect δθ < pi, we
conclude that large enhancements can only be achieved
in models with curved target spaces (noncanonical ki-
netic terms) as often encountered in ultraviolet complete
theories. Thus, our proposal opens up a new window of
opportunity to test the existence of additional degrees of
freedom interacting with ζ during inflation.
Multifield inflation. To set the context, we review
some general aspects of multifield inflation in the partic-
ular case of two fields. We consider a general action of
the form
S = SEH −
∫
d4x
√−g
[
1
2
γab(φ) ∂µφ
a∂µφb + V (φ)
]
, (2)
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2where SEH is the Einstein-Hilbert term constructed from
a spacetime metric gµν with determinant g and γab is a
metric characterizing the geometry of the target space
spanned by the fields φa = (φ1, φ2).
Spatially flat cosmological backgrounds are described
by the line element ds2 = −dt2 + a2dx2, where a =
a(t) is the usual scale factor. In these spacetimes, the
background scalar fields φa0(t) satisfy:
Dtφ˙
a
0 + 3Hφ˙
a
0 + γ
abVb(φ0) = 0, (3)
where H = a˙/a is the Hubble expansion rate, Va =
∂V/∂φa, and γab is the inverse of γab. In addition, Dt is a
covariant derivative whose action on a vector Aa is given
by DtA
a = A˙a+Γabcφ˙
b
0A
c, where Γabc are Christoffel sym-
bols derived from γab. Equation (3) must be solved to-
gether with the Friedmann equation 3H2 = 12 φ˙
2
0 +V (φ0),
where φ˙20 ≡ γabφ˙a0φ˙b0 (we work in units where the reduced
Planck mass is 1). With appropriate initial conditions,
this system yields a path φa0(t) with tangent and normal
unit vectors defined as T a ≡ φ˙a0/φ˙0 and Na ≡ − 1ΩDtT a,
where Ω ≡ −NaDtT a is the angular velocity with which
the path bends. Successful inflation requires that H stay
nearly constant. This is achieved by demanding a small
first slow-roll parameter  ≡ −H˙/H2  1. For sim-
plicity, in what follows we assume that  can be treated
as a constant, however, we allow for an arbitrary time-
dependent angular velocity Ω. This corresponds to situa-
tions where the inflationary path experiences turns with-
out affecting the expansion rate significantly. Our main
conclusions will not depend on these assumptions.
We may perturb the system as φa(x, t) = φa0(t) +
T a(t)ϕ(x, t) +Na(t)ψ(x, t), where ψ is the isocurvature
fluctuation [56, 57]. In co-moving gauge (ϕ = 0) we de-
fine the primordial curvature fluctuation ζ by perturb-
ing the metric as ds2 = −N 2dt2 + a2e2ζ(dx + Ndt)2,
where N and N are the lapse and the shift. Inserting
everything back into (2) and solving the momentum and
Hamiltonian constraints, one arrives at the Lagrangian1
L = Lkin + Liso, with
Lkin = a
3
2
[
(Dtζc)
2 − 1
a2
(∇ζc)2 + ψ˙2 − 1
a2
(∇ψ)2
]
, (4)
and Liso = −a3U(ψ), where U is a potential for ψ. In
(4), ζc ≡
√
2ζ is the canonically normalized version of
ζ, and Dt is a covariant derivative defined as
Dtζc ≡ ζ˙c − λHψ, λ ≡ 2Ω/H, (5)
reminiscent of the covariant derivative in (3). The back-
ground quantity λ(t), which is nonvanishing whenever
1 This Lagrangian was first derived, to second order, in Refs. [56,
57]. A version with U(ψ) ∝ ψ3 was first considered in [41] and
later extended to a general potential U(ψ) in [58].
the trajectory experiences turns, plays a prominent role
in multifield inflation: it couples ζ and ψ at quadratic
order in a way that cannot be trivially field-redefined
away [59]. Note that in (4) we disregarded terms that
are gravitationally suppressed. For instance, we omitted
terms multiplied by N − 1 = ζ˙c/
√
2H, which is much
smaller than 1 in the weak gravity regime. In what fol-
lows, we also disregard self-interactions of ψ by setting
U = 0. We will comment on the important role of U
toward the end of this work.
Mild mixing between ζ and ψ. In the particular
limit λ 1 the interaction between ζ and ψ can be fully
understood analytically [60]. Here, (4) can be split as
Lkin = Lfree + Lmix, where Lfree is
Lfree = a
3
2
[
ζ˙2c −
1
a2
(∇ζc)2 + ψ˙2 − 1
a2
(∇ψ)2
]
, (6)
and Lmix is the interacting part, given by
Lmix ≡ −a3λHζ˙cψ. (7)
In this limit, ζc and ψ are massless scalar fields, interact-
ing through the mixing term proportional to ζ˙cψ. The
Fourier space solutions of the linear equations derived
from (6) are
ζ˜c0(k, t) = u(k, t)aζ(k) + u
∗(k, t)a†ζ(−k), (8)
ψ˜0(k, t) = u(k, t)aψ(k) + u
∗(k, t)a†ψ(−k), (9)
where aζ,ψ(k) and a
†
ζ,ψ(k) are the usual creation and
annihilation operators (ensuring that ζ and ψ are quan-
tum fields) satisfying [aa(k), a
†
b(q)] = (2pi)
3δabδ
(3)(k−q).
Also, u(k, t) is the standard de Sitter mode function re-
specting Bunch-Davies initial conditions:
u(t, k) =
iH√
2k3
(1 + ikτ(t)) e−ikτ(t), (10)
where τ(t) = −1/Ha(t) with a(t) ∝ eHt. The dimen-
sionless power spectrum ∆ζ(k) is defined in terms of
the 2-point correlation function of ζ˜ as 〈ζ˜(k)ζ˜(q)〉 =
(2pi)3δ(3)(k − q) 2pi2k3 ∆ζ(k). If λ = 0 the dynamics of ζ
is of the single-field type, with a solution given by (8),
leading to a power spectrum of the form
∆ζ,0 =
H2
8pi2
, (11)
with small slow-roll corrections breaking its scale invari-
ance. On the other hand, if λ is small but nonvanishing,
ψ sources ζc via the mixing in (7) and one finds [60]
ζ˜c(k) = ζ˜
c
0(k) + 2∆θ(k)ψ˜0(k), (12)
[and ψ˜(k) = ψ˜0(k)], where ∆θ(k) =
1
2
∫ tend
thc
λHdt is the
total angle swept as felt by a mode that crossed the hori-
zon at time thc = H
−1 ln(k/H). It immediately follows
that ∆ζ is given by [60]
∆ζ =
[
1 + 4∆θ2(k)
]×∆ζ,0, (13)
3which is larger than (11) by a factor 1 + 4∆θ2(k). Equa-
tion (12) shows that for small λ, all superhorizon modes
are equally enhanced while the turn is taking place, lead-
ing to the power spectrum (13) that has more amplitude
on long wavelengths, independently of the form of λ(t).
This is incompatible with a large enhancement of ∆ζ on
a range of wavelengths shorter than those of the CMB,
forcing us to consider the regime λ  1, which is the
subject of the rest of this letter.
Strong mixing between ζ and ψ. In the case of
brief turns we can study the system analytically even if
λ  1. Does this jeopardize the perturbativity of the
system? λ comes exclusively from the kinetic term in
(2) which, at quadratic order, gives rise to the covari-
ant derivative Dtζc. This implies that at higher orders
λ appears in the Lagrangian through operators of or-
der (Dtζc)
2 gravitationally coupled to ζc. The condi-
tion granting that the splitting remains weakly coupled
is L(3)λ /L(2)λ ∼ ζ˙c/
√
2H  1, evaluated during horizon
crossing. Because at horizon crossing (ζ˙c/
√
2H)2 ∼ ∆ζ ,
the previous requirement is equivalent to ∆ζ  1.
Hence, as long as ∆ζ  1 we may keep the mixing term
into the full kinetic term of (4). Then, the equations of
motion respected by the fluctuations are
d
dt
Dtζ˜c + 3HDtζ˜c +
k2
a2
ζ˜c = 0, (14)
¨˜
ψ + 3H
˙˜
ψ +
k2
a2
ψ˜ + λHDtζ˜c = 0. (15)
To proceed, let us consider the case in which λ
consists in a top-hat function of the form λ(t) =
λ0 [θ(t− t1)− θ(t− t2)], with a small width δt ≡ t2 −
t1  H−1. This profile describes a trajectory that ex-
periences a brief turn of angular velocity Ω = Hλ0/2
between t1 and t2. Now, if δt  H−1, during this brief
period of time one can ignore the friction terms in (14)
and (15), and treat the fluctuations as if they were evolv-
ing in a Minkowski spacetime [61]. Before t1, the solu-
tions are exactly those of (8), (9) and (10). Notice that
these respect Bunch-Davies initial conditions. Between
t1 and t2 the solutions, which we denote Φ˜
a ≡ (ζ˜c, ψ˜),
are found to be
Φ˜a(k, t) =
(
Aa±e
+iω±t +Ba±e
−iω±t) aζ(k)
+
(
Ca±e
+iω±t +Da±e
−iω±t) aψ(k) + h.c.(−k), (16)
where Aa±, B
a
±, C
a
± and D
a
± are amplitudes satisfying
kAζ± = ∓iω±Aψ±, kBζ± = ±iω±Bψ±, kCζ± = ∓iω±Cψ± and
kDζ± = ±iω±Dψ±, and ω± are the respective frequencies,
given by
ω± =
√
k2 ± kk0λ0, (17)
where k0 ≡ HeH(t1+t2)/2 is the wave number of the
modes that crossed the horizon during the turn. Finally,
the solutions after t2 are of the form
Φ˜a(k, t) = [Ea u(k, t) + F a u∗(k, t)] aζ(k)
+ [Ga u(k, t) +Ha u∗(k, t)] aψ(k) + h.c.(−k), (18)
where u is given in (10). The amplitudes shown in
Eqs. (16) and (18) can be determined after imposing con-
tinuity of ζ˜c(k, t), Dtζ˜c(k, t), ψ˜(k, t) and
˙˜
ψ(k, t) at both
t1 and t2. This is achieved by demanding the following
matching conditions:
ζ˜c(k, t
−
1 ) = ζ˜c(k, t
+
1 ),
˙˜
ζc(k, t
−
1 ) = Dtζ˜c(k, t
+
1 ),
ψ˜(k, t−1 ) = ψ˜(k, t
+
1 ),
˙˜
ψ(k, t−1 ) =
˙˜
ψ(k, t+1 ),
ζ˜c(k, t
−
2 ) = ζ˜c(k, t
+
2 ), Dtζ˜c(k, t
−
2 ) =
˙˜
ζc(k, t
+
2 ),
ψ˜(k, t−2 ) = ψ˜(k, t
+
2 ),
˙˜
ψ(k, t−2 ) =
˙˜
ψ(k, t+2 ),
(19)
where t±i ≡ ti ± ε with ε→ 0. As a result, at the end of
inflation, ζ˜c(k) becomes a linear combination of quanta
created and destroyed by the ladder operators aζ and aψ,
with contributions modulated by low and high frequen-
cies:
ζ˜c(k) =
iH√
2k3
e2i
k
k0
sinh[ δN2 ]
∑
±
{
1
2
[
cos
(
ω±δN
k0
)
−ik
2
0 + k
2 + ω2±
2kω±
sin
(
ω±δN
k0
)
−ie2i kk0 exp[− δN2 ] (ik0 + k)
2 − ω2±
2kω±
sin
(
ω±δN
k0
)]
aζ(k)
± i
4
[
−
(
2 +
k20
k2
)
cos
(
ω±δN
k0
)
+
(k0 + ik)k
2 − (k0 − ik)ω2±
k2ω±
sin
(
ω±δN
k0
)
+e2i
k
k0
exp[− δN2 ]
(
k0
k2
(k0 − 2ik) cos
(
ω±δN
k0
)
+
(k0 − ik)(ω2± − k2)
k2ω±
sin
(
ω±δN
k0
))]
aψ(k)
}
+ h.c.(−k), (20)
where δN ≡ Hδt is the duration of the turn in e-folds. A
similar solution can be obtained for ψ˜(k). With a WKB
approximation, the same steps leading to (20) should al-
low for solutions with more general functions λ(t).
Equation (20) represents our main result. It shows
how ζ and ψ mix after a brief turn, valid for arbitrary
values of λ0. An outstanding feature of (20) is that
ω− becomes imaginary for k < λ0k0, signaling an in-
stability inducing an exponential amplification of ζ˜c(k).
On scales k < λ0k0 the fluctuation displays an ampli-
tude ζ˜c(k) ∝ e
√
λ0k0k−k2δN/k0 with a maximum value at
kmax = λ0k0/2. As long as 2δθ ≡ λ0δN > 1 the instabil-
ity generates large enhancements of the power spectrum
of ζ at the end of inflation.
4PBHs from strong multifield mixing. We now use
the analytical insight offered by (20) to study the origin
of PBHs due to inflationary multifield effects. Direct in-
spection of (20) shows that on scales k  k0λ0/2,
ζ˜(k) = ik−3/2∆1/2ζ,0 aζ(k) + h.c.(−k), (21)
from where one recovers the single-field power spectrum
given in (11). This reveals that modes deep inside the
horizon are not affected by the turn. On the other hand,
on scales k  k0λ0/2 one has
ζ˜(k) = ik−3/2∆1/2ζ,0 [aζ(k) + 2δθ aψ(k)] + h.c.(−k), (22)
implying that ∆ζ =
[
1 + 4δθ2
] × ∆ζ,0, confirming that
on long wavelengths all scales receive the same enhance-
ment already shown in (13). Finally, for δθ of order 1
or larger, around k ∼ k0λ0/2 the curvature fluctuation is
dominated by (disregarding oscillatory phases)
ζ˜(k) ∼ ik−3/2∆1/2ζ,0 e
√
λ0k0k−k2δN/k0
×1
4
[(1− i)aζ(k)− (1 + i)aψ(k)] + h.c.(−k), (23)
implying that the power spectrum has a bump cen-
tered at k = k0λ0/2 of amplitude ∆ζ,0e
2δθ/4, and width
∆Nk ' ln[4δθ2/ ln2(16δθ2)], where Nk = ln(k/H) is the
wavenumber in e-fold units. In summary we have:
∆ζ
∆ζ,0
∼
 1 + 4δθ
2 if k  k0λ0/2
1
4e
2δθ if k ∼ k0λ0/2
1 if k  k0λ0/2
. (24)
This behavior is quite distinctive: for large δθ, the ratio
between the long- and short-wavelength power spectrum
determines the height of the bump. In particular, the
enhancement of ∆ζ with respect to its long-wavelength
value (constrained by CMB observations) is predicted to
be ∼ e2δθ/(4δθ)2. This indicates that to have an en-
hancement as large as 107, it is enough to have δθ ∼ 4pi.
We can check ∆ζ(k) resulting from (20) against numer-
ical solutions of (14), (15). The results are shown in Fig. 1
(for δθ = 11.4). As expected, we find a good agreement
for the case δN = 0.1. For δN = 1 the analytical result
still constitutes a good prediction of ∆ζ(k). A salient
feature of this mechanism is the rapid growth of ∆ζ(k)
evading known limitations in achieving steep enhance-
ments in single-field models [62–64]. Together with (20),
one can now compute the abundance of PBH as a func-
tion of their mass and the parameters λ0 and δN , along
the lines of [65, 66]. The power spectrum ∆ζ(k) displays
a characteristic band structure resulting from the oscil-
latory phases2 in (20). As recently studied in [68], this
2 A similar oscillatory behavior has been observed for single-field
models in Ref. [67].
FIG. 1. ∆ζ(k) vs N(k) = ln(k/k0) for δN = 0.1 and λ0 = 230
(upper panel), and δN = 1 and λ0 = 23 (lower panel).
Solid/dashed lines correspond to numerical/analytical solu-
tions. The power spectra are normalized with respect to their
values at CMB scales.
does not necessarily translate into features in the PBHs
mass spectrum (however, our analytical results should
help into further understanding the observability of this
band structure). Finally, one can calculate the associated
gravitational wave signal, which can serve as a template
for interferometric searches.
A top-down example. We now offer a concrete
action of the form (2), where the inflationary trajec-
tory can experience sudden turns while  is kept small
and constant and U(ψ) = 0. This can be achieved
within holographic inflation [69–71], where the potential
V in (2) is determined by a “fake” superpotential W as
V = 3W 2 − 2γabWaWb, with Wa = ∂W/∂φa. Here, the
background solutions respect Hamilton-Jacobi equations:
φ˙a = −2γabWb, H = W. (25)
It turns out [72] that U is related to W as:
∂2ψU |ψ=0 = 6HWNN − 4W 2NN + 2W˙NN , (26)
where WNN ≡ NaN b∇aWb. We can now define suitable
expressions for γab and W such that  and λ have any
desired time dependence. For instance, let us take fields
(φ1, φ2) = (φ, χ) and consider the following field metric:
γab =
(
e2f(φ,χ) 0
0 1
)
. (27)
5If we take a superpotential W that only depends on φ,
then (25) implies φ˙ = −2e−2fWφ and therefore χ˙ = 0
regardless of the location in field space. Thus, assum-
ing φ˙ > 0, the tangent and normal vectors are T a =
(e−f , 0) and Na = (0, 1), and the turning rate becomes
Ω = −NaDtT a = φ˙ effχ, implying that λH = 2φ˙ effχ.
Also, it follows that WNN = 0 and, thanks to (26),
∂2ψU |ψ=0 = 0. Because this result is independent of
χ, and ψ is a perturbation along the χ direction, then
U = 0 exactly. Next, notice that f can be expanded as
f(φ, χ) =
∑
n
1
n! (χ − χ0)nfn(φ). A field redefinition of
φ allows one to set f0(φ) = 0. Having done so, along
the specific path χ = χ0, one finds φ˙ = −2Wφ and
λ =
√
8f1[φ(t)]. As a consequence,  = 2W
2
φ/W
2 and
the expansion rate depends exclusively on W (φ), remain-
ing unaffected by the turning rate λ. One can finally de-
fine W (φ) and f1(φ) to obtain desired expressions for 
and λ.
Discussion and conclusions. It is well-known that
sudden turns of inflationary trajectories produce features
in the power spectrum [40]. Here we focused on the gen-
eration of large enhancements of the power spectrum of
ζ, over limited ranges of scales, compatible with PBHs
confstituting a sizable fraction of dark matter.3 Note-
worthily, we obtained analytical solutions for ζ valid in
the regime of λ  1. This is the first example of a full
analytical solution in the rapid turn regime.
Large enhancements of ∆ζ demand rapid turns [recall
our discussion after (13)]. However, there is a second re-
quirement: a nontrivial field geometry [as in (27)]. For
instance, consider the growth of ∆ζ in canonical multi-
field inflation due to a turn of duration δN at a constant
rate Ω. This implies λ = 2δθ/δN . Nevertheless, because
in canonical models δθ < pi, there is a maximum value
λmax = 2pi/δN . Thus, if δN  1, one falls within the
slow turn regime that, as already stated, cannot produce
large enhancements. On the other hand, if δN . 1, one
falls within the rapid turn regime, which is well described
by (24), from where one learns that enhancements of or-
der 107 require δθ ∼ 4pi, excluding canonical models. Of
course, a canonical model can still display large enhance-
ments of ∆ζ if the expansion rate assists in amplifying ζ,
as found in single-field models.
How tuned is our mechanism? One of the merits of
our present results is that the main parameter involved
in the enhancement of the power spectrum is δθ, the to-
tal angle swept by a turn. In that sense, our mechanism,
which is exponentially sensitive to δθ, gives a large en-
hancement without a large hierarchy. However, our pro-
posal, as any other proposal based on inflation, does not
necessarily provide insights as per the range of scales at
3 Shortly after our paper was released Refs. [68, 73] appeared dis-
cussing related ideas. Our conclusions, where there is overlap,
are in accordance.
which the enhancement takes place (which depends on
the time at which the turn happens). Addressing this
requires counting with further top-down examples such
as the one offered here based on holographic inflation.
Finally, to keep the discussion simple, we ignored the
potential U . A nonvanishing U would introduce a mass
for ψ, modifying both the dispersion relations shown in
(17) and the amplitudes in (16), thus altering the de-
tails of (24). Another effect is the generation of non-
Gaussianity, along the lines of Refs. [58, 74, 75]. A large
λ will induce non-Gaussian deformations to the statistics
of ζ that could change the details of PBH formation [76–
85].
To summarize, multifield inflation can enhance the
primordial power spectrum with distinctive signatures,
seeding primordial black holes sensitive to the details of
the ultraviolet theory wherein inflation is realized, open-
ing a new window into early Universe physics at scales
far smaller than the CMB.
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